Microsystems-enabled photovoltaics (MEPV) can potentially meet increasing demands for light-weight, portable, photovoltaic solutions with high power density and efficiency. The study in this report examines failure analysis techniques to perform defect localization and evaluate MEPV modules. CMOS failure analysis techniques, including electroluminescence, light-induced voltage alteration, thermally-induced voltage alteration, optical beam induced current, and Seabeck effect imaging were successfully adapted to characterize MEPV modules. The relative advantages of each approach are reported. In addition, the effects of exposure to reverse bias and light stress are explored. MEPV was found to have good resistance to both kinds of stressors. The results form a basis for further development of failure analysis techniques for MEPVs of different materials systems or multijunction MEPVs. The incorporation of additional stress factors could be used to develop a reliability model to generate lifetime predictions for MEPVs as well as uncover opportunities for future design improvements.
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A heartfelt thanks also goes out to the various managers that championed the project and brought it into fruition. David Stein, Fred Sexton, and Guillermo Loubriel provided continuous support, enthusiasm, and encouragement throughout the shuffling of direct management positions that occurred during the proposal process. The efforts of Gilbert Herrera and Wahid Hermina to make this project a reality are also greatly appreciated. ) . In all cases, a laser beam is raster-scanned across the device while the power consumption or generation is monitored and plotted as a function of beam position. The primary difference between LIVA/TIVA and OBIC/SEI is the amplification scheme, DC versus AC, and the presence of a biasing source in the case of LIVA/TIVA. In addition, LIVA and OBIC uses lasers with photon energy greater than the device band gap, resulting in the photoelectric effect. TIVA and SEI, in comparison, uses lasers with photon energy less than the device band gap, which induces thermal effects. . 
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INTRODUCTION
Photovoltaic (PV) technologies are rapidly becoming an increasingly important source of renewable power source for a broad range of applications. In particular, PV power sources are a potential solution to meet demand for remote, portable power. These applications value low weight, flexible substrate capability, and good efficiency.
Microsystems-enabled photovoltaics (MEPV) are a promising approach that could satisfy the previous requirements for remote, portable power. MEPV utilizes microfabrication techniques to fabricate small PV cells that are less than 1 millimeter (mm) in diameter and approximately 20 micrometers (m) in thickness. This and similar microsystems-based approaches create several scaling advantages that lead to high power density by weight, the ability to package onto flexible substrates, improved carrier collection efficiency [1] - [3] .
Rapid maturation of MEPV benefits from the development of failure analysis techniques and reliability studies, executed in conjunction with investments in device design and fabrication. The microfabricated origins of MEPV results in feature sizes that are smaller than dimensions found in traditional PV. These length scales are familiar territory for traditional microelectronics failure analysis tools. The electrical behavior of MEPV, however, differs from conventional complementary metal-oxide semiconductor (CMOS) devices found in microelectronics. As such, adjustments are necessary when translating these tools to applications in MEPV.
This SAND report describes the primary findings throughout an effort to adapt CMOS failure analysis tools to evaluate MEPV cells. In addition, this document also discusses studies on the effects of reverse bias stress and light induced stress on the electrical characteristics of MEPV. These two sources of stress are gaining increased attention in the PV community. Reverse bias stress is commonly experienced by PV modules that experience partial shading. Light-induced degradation (LID) is a phenomenon that has been observed in single-crystalline, boron-doped, Czochralski-grown silicon that lowers efficiency of PV cells after prolonged exposure to light.
The study finds CMOS failure analysis techniques to be well-suited for MEPV defect localization after some minor adjustments described in this report. Further examination also found MEPV to be resilient to reverse bias stress and the effects of LID. The results of this report form the basis for further development of failure analysis tools targeted towards multi-junction MEPVs and detailed quantification of these devices to a broader range of stressors. While these findings are specific to MEPV devices, the failure analysis techniques described are applicable to any researcher using novel techniques to scale down PV device dimensions.
MEPV Overview
This study focuses on silicon MEPV, which are fabricated on 6-inch, 20-30 -cm, p-type, (100)-oriented, silicon-on-insulator wafers with a 20 m device layer and a 1 m buried oxide layer.
The devices have an interdigitated back contact (IBC) metal layer underneath, which are connected to silicon regions that are doped p-type or n-type, depending on the contact in question [4] . Figure 1 is a computer aided design (CAD) drawing that shows the layout of the IBC and the implantation regions in an MEPV. The light-green geometry outlines the shape of the IBC, which is split into two halves. The left half is connected to circular regions that are implanted to be n-type with phosphorous. The right half is connected to similar areas that are implanted to be p-type with boron. The connections between the IBC and the implantation regions are made through 3-m-diameter contacts shown as black dots in the figure. Figure 1 . The figure is not drawn to scale for illustration purposes and serves as an appropriate visual aid to describe the MEPV fabrication process. The MEPV initially has an orientation that is upside-down to that of Figure 2 while on the original silicon-on-insulator handling wafer. Boron and phosphorous are first implanted in accordance to the CAD layout in Figure 1 . A nitride layer is then deposited and etched to form the contacts that will connect the silicon with the IBC. Next, the IBC is deposited along with a final nitride layer. The nitride is etched and four copper pillars (also shown in Figure 3 ) are electroplated onto the IBC that later form the connection between the IBC and final substrate. Once these fabrication steps are complete, the MEPV cell is released from its handling wafer, flipped over, and deposited in the final silicon-side-up, metal-side-down configuration shown in Sample photographs of MEPVs that were packaged on both rigid (left) and flexible (right) substrates are shown in Figure 4 . The cells are connected in parallel along the longer, horizontal, dimension and each row is then connected in series. The interconnection between the cells is 200 m made on the packaging substrate, which allows mass production of identical MEPV cells that can then be placed on different application-specific substrates that result in the appropriate output voltage and current. The right-side image of Figure 4 also demonstrates the ability to apply MEPV on flexible substrates, with a demonstrated bending radius of approximately 1 mm. At this bending radius, the cells are unaffected by the substrate curvature and are therefore purely moving relative to one another. Therefore, there is no cell-related wear associated with bending the substrate. The resulting device utilizes several scaling advantages that match the requirements for remote, portable power described in the introduction. The thin geometry of the cell results in less travel distance for carriers before they are harvested, which results in lower bulk recombination. A significant number of individual cells can be placed in a reduced area due to the small lateral dimensions, leading to high power (450 W/kg) and voltage (1000 V/cm 2 ) for a given unit area and weight [5] . The reduced thickness also results in decreased material costs, since the handle wafer can be reused to fabricate more MEPV cells. Additional details on the fabrication and design of MEPVs can be found in [4] - [7] .
Failure Analysis Techniques Overview
The tools used in this report fall into three broad categories. The first is the conventional electrical test that measures the current versus voltage (IV) of the device. The second is electroluminescence (EL) or light emission microscopy (LEM), which images the photons emitted when the device under test is placed under bias. The third includes variants of scanning laser microscopy techniques, where a laser raster scans the device and the resulting power consumption or generation is monitored and plotted as a function of laser position. The differences between the laser microscopy techniques include the wavelength of the incident light, the presence of bias, and whether or not the resulting signals are filtered. Figure 5 outlines the components of an EL system, which consists of a power source and a sensitive imaging camera. The device under test is biased with the power source in a dark box and the photons that are emitted are captured by a charge-coupled device (CCD) camera that is thermoelectrically cooled to -75 o C. In the case of MEPV, the device can be either forward or reverse biased. Since silicon has an indirect band gap, long exposure times on the order of 150 to 180 seconds are typically required to generate the EL image. Therefore, if the field of view is limited, EL can be a slower process than laser scanning microscopy. A summary of the vairous components in the laser scanning microscopy techniques in this project is provided in Figure 6 . The left portion of the figure outlines the configuration for light induced voltage alteration (LIVA) and thermally induced voltage alteration (TIVA). The right portion describes the configuration for optical beam induced current (OBIC) and Seabeck effect imaging (SEI). In the case of LIVA and TIVA, the device is biased with a constant current source. The resulting voltage as the laser raster scans across the device is passed through an alternating current (AC) filter and the resulting signal is plotted as a function of laser position. In the case of OBIC and SEI, the device remains unbiased and is instead connected to a sensitive, low-noise preamplifier. As the laser raster scans the device, the resulting current generation is sent to a direct current (DC) amplifier that is plotted as a function of the laser position. In summary, the primary difference between LIVA/TIVA and OBIC/SEI is the presence of a bias (yes for LIVA/TIVA, no for OBIC/SEI) and the filtering scheme of the signal that is plotted (AC for LIVA/TIVA, DC for OBIC/SEI). The difference between LIVA and TIVA is the same as the differentiating feature between OBIC and SEI: the wavelength of the incident laser light. In the case of LIVA and OBIC, a laser with photon energy above the device band gap is used to stimulate the MEPV cell, which is silicon in the case of this study. The laser creates electron-hole pairs when incident upon a diffusion region that change the power consumption or generation of the device under test. As a result, the resulting signal is a result of the photoelectric effect. The wavelength of the laser used for LIVA and OBIC is 543 nanometers (nm). In contrast, TIVA and SEI uses a laser with photon energy below the band gap of the device. As a result, the power characteristics of the device is altered through thermal effects, such as changes in resistance of narrow current paths or field gradients resulting from the Seabeck effect. The wavelength of the lasers used for TIVA and SEI are 1064 nm and 1340 nm.
Additional details on these fault localization techniques are described in greater detail in [8] . The subsequent sections in this report describe the adjustments made when applying the methods in this section to MEPV and summarize their PV-specific applications.
FAILURE ANALYSIS TECHNIQUES IN MEPV
This section provides additional details on the adaptation of CMOS defect localization techniques to MEPV. In addition to providing examples, each description also includes potential applications in MEPV development and manufacturing.
A majority of the results in this section are published in [9] , [10] , and the highlights are briefly reviewed here.
A summary of the techniques in this section and their applications are shown in Table 1 : 
Electroluminescence Applications to MEPV
EL can be straightforwardly adapted to MEPV with virtually no adjustment from its CMOS application. Its application is identical to EL in traditional PV: it evaluates device functionality and performance when the device is under forward bias, and localizes leakage current when the device is under reverse bias. The primary difference between CMOS EL systems with traditional PV EL systems is the higher magnifications available at the expense of the reduced field of view. Differences in series resistance are an observed source of performance variation between MEPV cells. One potential cause for increased series resistance is the presence of voids in the solder connection between the electroplated copper and the substrate. These voids were identified through mechanically polished cross sections and can be eliminated by optimizing the heating and cooling of the solder during packaging. Figure 8 shows a cross section of an MEPV cell with voids present in the solder. Functioning MEPV cells with low leakage currents do not produce detectable light emission signals under the current EL configuration. This conclusion is based on EL measurements with reverse bias voltages up to 30 V and exposure times up to 300 seconds. In the presence of current-induced dislocation paths, however, reverse bias EL can be used to localize the leakage. When subjected to damage associated with avalanche breakdown, the leakage current can generate efficient, microplasma-induced photons that can be captured by EL [11] , [12] . Figure 9 is a bright field image of an MEPV cell with the reverse bias emission, shown in a green false color, overlaid on top. The emission is more robust than forward bias EL of working cells, which typically require 150 to 180 seconds of exposure. Reverse bias EL image in this case required only 15 seconds of exposure. Therefore, the reduced exposure time enables EL to be used as a tool to identify whether significant damage associated with avalanche-breakdown occurred. 
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Comparison of LIVA and OBIC for MEPV Evaluation and Screening
While both LIVA and OBIC can evaluate MEPV cell performance, the AC filtering of LIVA and the DC nature of OBIC provides different detection capabilities. The AC filtering of LIVA enables the detection of changes in diffusion regions with faster laser scan speeds. The increased scan speeds come at the cost of decreased spatial resolution. A good LIVA image, therefore must find the balance between scanning sufficiently fast to bring out contrast but not so fast as to result in excessive blurring or smearing. OBIC, in comparison, generates progressively more refined images as the scan speed decreases, and is therefore capable of creating more detailed images at the cost of increased imaging time. Figure 10 shows an example of the difference between LIVA and OBIC when interrogating a cell that has non-uniform performance. The left side shows a LIVA image with a pixel dwell time of 61.4 sec/pixel. The bright contrast in the cell area relative to the darker surroundings indicate carrier generation due to the laser stimulus and thus cell functionality. There is a bleedover artifact in the lower-left corner of the MEPV cell as the laser transitions from a non-carriergenerating portion of the module into a functioning cell. Outside of this bleed-over artifact, the performance of the cell seems uniform. The right side of Figure 10 shows an OBIC image of the same cell, which shows that the left half of the cell is performing differently than the right half. LIVA was not able to detect this discrepancy because the change in contrast occurred too slowly and was removed by the AC filter. While a faster scan speed would bring out this contrast, it would also cause image blurring and worsen the bleed-over artifact, which would continue to mask the defect. Since OBIC does not have an AC filter, a slower scan speed of 123 sec/pixel could be used to produce a sharp image while detecting the performance difference between the two parts of the cell.
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While OBIC does not have the LIVA tradeoff between spatial fidelity and sensitivity, it still requires careful optimization of parameters, especially the attenuation of the scanning laser. Proper attenuation brings out the defects that would otherwise be drowned out by larger amounts of carrier generation induced by incident higher laser powers. This adjustment, however, comes with a tradeoff of greater DC amplification requirements and lower signal-to-noise ratio in the resulting signal. Figure 11 gives another example where OBIC is used to detect minute differences in performance between MEPV cells in a module. In addition to the dependence on choosing the appropriate scan speed, the ability of LIVA to detect performance differences between MEPV cells is also dependent on the scan direction. In the case of MEPV modules, however, two separate scans in orthogonal directions to each other should uncover any significant amount of cell-to-cell variation. Figure 12 shows an MEPV module where the horizontal rows, which are connected in parallel, have unequal performance. In the image, the laser beam scans in a horizontal, row-to-row book-style fashion. The performance difference between each row is filtered out by the AC filter and the resulting image falsely suggests fairly uniform performance. When rotating the laser scanning direction by 90 o , however, the changes between rows occur faster and are not removed by the AC filter. The resulting image is shown in Figure 13 , where the row-to-row variation of the module is evident. OBIC does not have this issue because the 500 m 2 mm signal does not pass through an AC filter. As a result, each pixel produces a relative brightness that is not strongly dependent on pixel dwell time. Images of the same device using OBIC are virtually identical to Figure 13 in both horizontal and vertical scan directions. The speed of LIVA, however, makes it a potentially effective screening tool for MEPV production. In addition, the AC filtering of LIVA can provide additional information on how the cell is connected to the module. Figure 14 provides an example of an MEPV cell that was incorrectly connected when using a prototype pick-and-place tool for the final packaging step. The LIVA signal was raster-scanned book-reading style in this image. All correctly connected MEPV cells had a bright left edge and a dark right edge as the laser entered and exited the photogeneration regions. The incorrectly connected cell, which was nonfunctioning, still provided a LIVA response but had a dark left edge and a bright right edge, indicating a flip in polarity. 
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In summary, OBIC with a scan speed of 123 sec/pixel or slower provides the most information on both the relative performance of MEPVs but also any variations within an individual cell. LIVA can also provide similar information but requires an optimal pixel dwell time or scan speed to balance the tradeoff between spatial fidelity and contrast. In addition, the correct scan direction must be used to determine the performance differences in a given direction. The increased imaging speed of LIVA, however, makes it a potential screening tool to evaluate the performance uniformity of MEPV modules, which has been correlated with overall module performance. Therefore, both LIVA and OBIC can serve different purposes in MEPV technology and manufacturing development: LIVA for rapid evaluation or screening, OBIC for detailed, localized evaluation.
TIVA and SEI for MEPV Contact Defect Localization
Unlike LIVA and SEI, the difference in the effectiveness between TIVA and SEI is not as significant. The primary demonstrated application of TIVA and SEI is to evaluate the contacts that connect the IBC metal layer to the silicon. Since these contacts form narrow current paths, Seabeck effect currents generated by thermal gradients from the laser stimulus appear in both TIVA and SEI images. The small physical dimensions means that the TIVA/SEI signals vary quickly in time. As such, the TIVA/SEI signal is much more able to pass through the AC filter than the LIVA/OBIC signals. Therefore, other than contrast differences, the TIVA and SEI images are very similar.
TIVA and SEI images are formed by current changes caused by thermal stimulation instead of photogeneration, which is the case of LIVA and OBIC. Therefore, the presence of a TIVA/SEI signal verifies the presence of an electrical path from the MEPV cell to the rest of the module. This outcome allows evaluation of the connectivity of the MEPV independent of the cell's ability to generate and harvest electron-hole pairs. Regions between two different materials create TIVA/SEI signals, such as the etch release holes and the contacts.
When combining the TIVA/SEI image with the known locations of contacts, the functionality of these contacts can be verified. Figure 16 shows an example of a TIVA image of an early MEPV design. The bright white dots show the strong contrast created from working contacts in the TIVA/SEI signal. The defective contacts can then be identified for further analysis. The presence of the TIVA/SEI image also verifies that the MEPV cell is electrically connected to the rest of the module, thus confirming the success of the packaging process. Figure 16 shows a scanning electron microscopy (SEM) image of a focused ion beam (FIB) cross section of one of the defective contacts in Figure 15 . In this case, the root cause of the defective contact was an overetch of the silicon, which electrically separated the contact and IBC metal layer from the silicon. After processing refinements, defective contacts are not a significant occurrence in MEPV fabrication. In summary, a number of CMOS defect localization tools were successfully adapted for the characterization of MEPV modules. EL under forward bias can directly evaluate the functionality and relative performance of MEPV cells. In cases where high reverse bias leakage is present, reverse bias EL can be used to localize the leakage path as well as identify the cause as damage associated with avalanche breakdown when the exposure time necessary to capture the signal is low.
Techniques based on laser scanning microscopy were also used to evaluate and troubleshoot MEPV modules. OBIC was found to provide the most detailed information on the relative localized performance of MEPV cells. While LIVA provides similar information with less fidelity due to the presence of an AC filter, its increased speed makes it suitable as potential fabrication and manufacturing screening tool. When using LIVA, however, two images with orthogonal laser scanning directions should be performed acquire the most complete picture.
Both TIVA and SEI produce similar images with different contrasts. Despite this overlap, the use of both configurations is recommended when possible, since some defects may show up better in one type of contrast than the other. TIVA and SEI can be used to verify the electrical connectivity of MEPV cells independently from the ability to generate electron-hole pairs. In addition, both techniques can be used to evaluate and troubleshoot the contacts that connect the silicon to the IBC metal layer.
APPLICATION OF REVERSE BIAS AND LIGHT STRESS ON MEPV
The studies in this section examine the effects of reverse bias and light-induced stress on MEPV cells. When a PV module experiences partial shading, the cells involved experience reverse bias voltage stress, which leads to degradation and diminished performance [13] . Thermal damage can occur in the event of avalanche breakdown, resulting in significant leakage currents in subsequent operation. Light-induced degradation has also been observed in single-crystalline, Czochralski-grown, boron-doped, silicon after prolonged exposure to energetic photons [14] . The exposure results in the formation of boron oxide complexes and iron-boron pairs that further lowers the efficiency of PV modules.
The results in the following subsections show that MEPV has good robustness to both reverse bias stress and light-induced degradation. Reverse bias breakdown did not occur until application of voltages beyond 75 volts. A prolonged application of sub-breakdown voltages produced only a nominal increase in leakage current, roughly double over the course of 600 hours. Extended exposure of MEPV cells to a purple laser with a wavelength of 405 nm produced no measureable changes in the reverse bias IV curve and slight changes in the forward bias traces, with a change of 5% at 0.7 V.
A further summary of the findings in this section can be found in [10] , [15] , [16] .
MEPV Reverse Bias Stress to Breakdown
The MEPV modules were expected to have good robustness to reverse bias stress due to the p-i-n device geometry. The presence of a large intrinsic region should result in good resilience, though the extent had not been characterized prior to this study. As a first step, we quantified the reverse-bias voltage necessary to induce avalanche breakdown, and determined the number of events necessary to create permanent change in the leakage characteristics. Figure 17 shows the effects of repeated breakdown in 28 MEPV cells connected in parallel subjected to reverse-bias voltage sweeps until breakdown occurred. These voltages were repeatedly applied until a significant (100×) increase in leakage current was detected. The plot shows that breakdown did not occur until voltage levels exceeding 75 V. Voltage sweeps between 0 and 80 V, which took approximately 10 seconds, did not substantial increases in leakage current until the 11 th run. The IV-curves remain similar beyond -74V after this damage occurred, suggesting that the source of leakage currents at extremely high voltages is not significantly affected by the new failure. Further sweeps also produced no observable additional damage, since the existing leakage site and damaged cell serves as a current path for subsequent stresses, therefore serving as protection to the undamaged cells. 
Reverse Bias Degradation of MEPV without Breakdown
This subsection describes the effects of prolonged exposure to lower levels of reverse bias stress that do not result in avalanche breakdown. Figure 19 shows 300 reverse bias measurements of 34 MEPV cells connected in parallel. Data was taken every two hours during 600 hours of 50 V reverse bias stress. The color transition from blue to red indicates the relative chronological order of each IV sweep, with blue representing the earlier measurements and red being the last ones. Labels on the left side of the plot provide approximations to the duration in which the stress has been applied prior to each IV measurement. The current leakage roughly doubled to 15 microamperes (A) at -40 V. Unlike the stress-tobreakdown experiments of the previous section, the transition to increased leakage current was gradual and continuous. Figure 20 shows an example of identified damaged regions using forward bias EL. Subsequent localization of the leakage paths using reverse bias EL, TIVA and SEI were not successful and are the subject of further study. 
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The absence of localized leakage paths similar to those detected by TIVA in the stress-tobreakdown suggests a different failure mechanism than thermal runaway damage associated with avalanche breakdown events. Therefore, it is recommended that further study to quantify this degradation mechanism focus on reverse bias voltages of 60 V or less in order to avoid convolution of avalanche breakdown effects.
Light-Induced Degradation on MEPV
The accelerated stress of higher energy photons was implemented by exposing a row of MEPV cells connected in parallel to a laser diode operating at 405 nm. The laser emits 4.5 mW of power over an area of 2 mm by 3 mm, resulting in a power density of 750 W/mm 2 . For comparison purposes, the one-sun AM1.5 spectrum has approximately 0.88 W/mm 2 assuming a 1 nm bandwidth. As such, this configuration should contain significant acceleration when compared to what is expected from terrestrial field use. Figure 21 shows the reverse bias IV curve taken every two hours on a row of MEPV cells undergoing 500 hours of light exposure plotted on both a log scale (left) and linear scale (right). The coloring scheme follows that of the prior figures where the earlier measurements are plotted in blue and subsequent traces transition to red over time. No differences are observed in the log scale and the minor discrepancies shown in the linear scale are within range of instrumentation error. Therefore, the exposure to light has no visible effect on the reverse bias portion of the IV curve. Figure 23 provides a closer look at the forward bias IV between 0.56 V and 0.7 V. A decrease in output current at these voltages is observed. After 500 hours of exposure, the output current decreased by approximately 5% at 0.7 V. This shift translates to decreased fill factor and efficiency, as a portion of the photocurrent output is hindered by the creation of impurity-related complexes. In summary, three types of degradation were tested: reverse bias voltage stress until avalanche breakdown, reverse bias voltage stress without breakdown, and light induced degradation. The study found that MEPV has good robustness to reverse bias voltage, primarily due to the large regions of intrinsic silicon that separate the p-type and n-type areas. Breakdown did not occur until after 75V of reverse bias stress, and the cells tested were able to go through over ten avalanche breakdown events before significant changes in reverse bias leakage were detected. If breakdown was not reached, there is very slow degradation to the MEPV's reverse bias characteristics, where more than 600 hours of reverse bias stress at 50 V induced a roughly doubling of the leakage current at 40 V.
When subjected to light induced degradation, no changes in reverse bias characteristics were detected. After 500 hours of exposure, a slight decrease in the forward bias current was found, which will have minor adverse impacts to the module fill factor. The overall light-induced degradation was found to be minimal, likely due to lower concentration of impurities. A temperature dependence and additional statistics on the degradation due to differing levels of reverse bias is a topic of further study.
Overall, the MEPV responded well to the stress factors examined in this section. The exploration of additional stressors, such as temperature and humidity, as well as simultaneous application of stressors will provide more information towards lifetime predictive capability and design improvements for MEPV, further increasing its robustness.
CONCLUSIONS
The objective of the study described in this report is to develop the failure analysis infrastructure for further advancement in MEPV and similar microsystems-based photovoltaic technologies. In addition, the project also explores the effects of reverse bias voltage and light induced degradation to device IV characteristics.
The results found that, in general, CMOS failure analysis tools translate well to performing defect localization and evaluation of MEPV modules. EL under forward bias as well as LIVA using two different laser scanning directions are effective methods to determine the functionality of individual MEPV cells in a module. EL under reverse bias can be used to identify reverse bias current leakage paths if the damage resulted from avalanche breakdown. OBIC is a useful tool when higher resolution and detailed information is needed about localized photogeneration capability, though the additional fidelity comes at the price of slower speed. TIVA and SEI provide the ability to test the interconnectivity of the cell to the module independently of PV characteristics. In addition, TIVA and SEI can be used to troubleshoot contacts and identify leakage paths.
In addition, the effects of reverse bias and light-induced stress on MEPV were examined. Since the MEPV has larger areas of intrinsic silicon separating small distributed p-and n-doped regions, the modules were found to have good resilience to reverse bias stress. In addition, low impurities in the process results in resistance to light-induced degradation. Only a minor potential change in IV characteristics was observed after extensive exposure to power concentrations much greater than those observed in terrestrial applications.
Future development of MEPV technology will greatly benefit from the simultaneous development of device failure analysis and reliability. Many of MEPV's advantages are a good match for power generation in remote locations. Therefore confidence in its long-term performance is of great importance. Suggested areas of importance of future work include expansion of the CMOS failure analysis techniques to multi-junction MEPVs or MEPVs with different material systems. Many of these tools should translate to new materials after adjustments to the new band gap values. The development of MEPV could also benefit from additional tools to trace current paths.
In regards to reliability, the testing with additional stressors, such as temperature and broadband light-induced degradation, will provide a more comprehensive view on overall long-term performance and uncover related obstacles. In addition, the study of simultaneous application of stressors, such as exposure to light stress while at elevated temperatures, will be needed to uncover interaction effects. It is our belief that the development of failure analysis tools and a reliability model addressing the questions above will further accelerate the maturation of MEPV technology.
